e dynamic behaviors of gas-liquid two-phase flow were simulated in a lab-scale intermittent bubble column by Euler-Euler twofluid model coupled with the PBM (population balance model) using two different liquid phases, i.e., Newtonian fluid (water)/non-Newtonian fluid (activated sludge). When non-Newtonian fluid was used during intermittent aeration, some interesting results were obtained. Two symmetric vortexes existed in the time-averaged flow field; the vertical time-averaged velocity of the liquid phase decreased with increasing anaerobic time; the average gas holdup distribution was like a trapezoid with long upper side and short lower side and affected by the dynamic viscosity of the liquid phase. Compared with non-Newtonian fluid, the use of Newtonian fluid as the liquid phase led to a more complicated time-averaged flow field structure and vertical timeaveraged velocity distribution, higher average gas holdup, and the asymmetric column-shaped gas holdup distribution with increasing anaerobic time. For different liquid phases, the instantaneous flow field, instantaneous vertical velocity, and instantaneous gas holdup distribution all periodically changed with anaerobic time; however, different from Newtonian liquid phase, non-Newtonian liquid phase had no periodic oscillating instantaneous horizontal velocity.
Introduction
As an aeration reactor, the bubble column is widely used for study on wastewater treatment because of its low price, easy transport, and high mass transfer characteristics [1] [2] [3] [4] . e bubble column is mainly researched by experiment and numerical simulation [5, 6] . Numerical simulation is extensively used for study on bubble column due to its good economics and ability to obtain the information in the entire bubble column, such as velocity distribution, gas phase distribution, and turbulence energy. Ali et al. [7, 8] used experiments and numerical simulation method for numerical simulation of a rectangular bubble column. For numerical simulation, they considered the effects of different drag models, simulation methods, and model dimensions on the simulation results. e results showed that different drag models did not significantly influence the predicted velocity, and Euler-Euler approach had better simulation results than Euler-Lagrangian approach. Wang et al. [9] used CFD-PBM for simulation of the bubble column, and their results showed that this model was effective for prediction of bubble size distribution, interfacial area, gas-liquid mass transfer rate, etc., in the bubble column. Gupta and Roy [10] used the PBM for numerical simulation of a rectangular bubble column by considering bubble breakage and coalescence, analysis of different breakage and coalescence equations, and the effects of lift force and virtual mass force on the flow field and gas content in the bubble column.
Pure water in Newtonian fluids is always used as the liquid phase in the above simulations in bubble columns, but few researchers are studying the activated sludge (nonNewtonian fluid). It should be noted that the liquid phase is activated sludge when the bubble column is used as a sewage treatment facility. Activated sludge is not transparent, so it is very difficult to efficiently test the flow field in the bubble column by particle image velocimetry (PIV) and laser Doppler velocimetry (LDV) and to obtain the flow regime and flow characteristics in the bubble column. Fan et al. [11] used polystyrene spheres instead of activated sludge to experimentally study the lab-scale oxidation ditch by PDA (particle dynamic analyser) but did not take the activated sludge as non-Newtonian fluid into account [12, 13] . For the rheological behavior of a liquid, transparent Newtonian fluids, such as aqueous solution of sodium carboxymethyl cellulose (CMC) or Xanthan solution, always were experimentally used as the liquid phase [14] [15] [16] . Passos et al. [17] additionally used the nonionic surface active agent Triton X-100 to modify the surface tension of the nonNewtonian solutions and found that the diameter of the bubbles decreased. Dapelo et al. [18] used CMC as a liquid for numerical simulation of the anaerobic digestion unit based on the Euler-Lagrangian approach and found that the relative simplicity of the viscosity model did not affect the results of the simulations. Bandyopadhyay and Das [19] used the non-Newtonian pseudoplastic power law model to simulate the flow through elbows under non-Newtonian liquid and obtained an ideal result. Wu [20] performed the gas-liquid numerical simulation of an anaerobic digester and considered the effect of non-Newtonian liquid. His results showed that the low Reynolds number k-ε model was better than other turbulence models, and the gas-liquid mixing efficiency depended on the mixing mechanism and pumping cycle, but he used the drag force model for Newtonian fluid.
ere was a difference in drag force equation between Newtonian and non-Newtonian fluids [21] , so the simulation results would be evaluated.
However, most liquid phases for numerical simulation of gas-liquid two-phase flow in a bubble column are Newtonian fluids, and there is a rare literature on dynamic behaviors of gas-liquid two-phase flow of Newtonian/nonNewtonian liquid phase in an intermittent aerating bubble column.
us, Euler-Euler two-fluid model coupled with PBM (EEPBM) was used in this paper for numerical simulation of gas-liquid two-phase flow in a lab-scale bubble column and analysis of dynamic behaviors of the fluids in a bubble column, such as gas holdup distribution, liquidphase flow field, and liquid phase velocity field, based on the comparison with the experiment [22] and verification of the mathematical model. e drag force equation and intermittent aeration control of the non-Newtonian fluids were simulated by UDF (user-defined program).
e research results provide references and guides for optimized design of the intermittent aerating bubble column for wastewater treatment.
Mathematical Model
An Euler-Euler two-fluid model (EE) was used to simulate gas-liquid two-phase flow, and PBM was considered to simulate the bubble coalescence and breakage. During the simulations, the gas-liquid interphase heat transfer was ignored, and the two phases were considered for the incompressible fluids. We adopted the assumptions that the mixture of the activated sludge and water was a single-phase liquid [23] .
Euler-Euler Two
where α is the volume fraction; ρ is the density, kg/m 3 ; τ is the shear stress, Pa, determined from Equation (8); p is the pressure, Pa; g is the acceleration of gravity, 9.8 m/s 2 ; q is the phase division, with g being the gas phase and l being the liquid phase; F is the two-phase interphase force, the drag and lift forces were considered in this paper [10] . e twophase interphase force is calculated as follows:
e drag force F D and the lift force F l were taken into account in this work. e lift force is calculated as follows:
where C l is the lift coefficient, 0.5 [24] . Drag force can be determined as follows:
where d is the bubble diameter. e drag force coefficient model C D can be expressed as follows considering the effects of the rheological properties on non-Newtonian fluids [25] : 
Since Newtonian and non-Newtonian fluids exhibit different flow behaviors, the definition of Reynolds number for Newtonian fluids is invalid for non-Newtonian fluids [26] .
us, the Reynolds number of spherical bubbles of non-Newtonian fluids Re t is calculated as follows [27] :
where K is the viscosity coefficient, kg/(m·sn), 0.0741 and n is the rheological index, 0.49. e formula for calculating the drag force between gas and liquid in Newton's liquid phase is shown in reference [28] . Turbulent effects were modeled by the RNG k-ε model. is turbulence model was usually applied to predict the liquid flow pattern and gas holdup at low superficial gas velocity due to its simplest algorithm and lower computational cost [5, 29] .
Population Balance Model.
In order to study the bubble breakup and coalescence phenomena in the bubble column, the population balance model can be applied to calculate the bubble size distribution. According to the researchers' studies [30, 31] , the population balance equation can be expressed as follows:
where N(v, t) is the bubble size distribution function; B + , B − , C + , and C − are the birth due to coalescence, death due to aggregation, birth due to breakage, and death due to breakage, respectively; and u i is the average velocity of the ith bubble group, m/s. e discrete method was used to solve [32] Equation (8) .
e simulations of the breakup phenomena were performed using the Luo and Svendsen [31] model. e model proposed by Luo [33] I was used for the modeling of the coalescence processes. e coalescence and breakage model described in this paper has been used to study the numerical simulation of a bubble column [5, 10, 22] . e number of cases, i 1 to 10, represents the 10 groups of bubbles [22] .
Modeling and Calculation

Physical Model and Grid.
Ali et al. [7] found that 2-D and 3-D models for bubble columns had the same predicted velocity, and 2-D model could re ect the gas-liquid twophase ow behaviors in the bubble column.
us, a 2-D model was created, as shown in Figure 1 e gas inlet is modeled as a rectangle area with the length of 0.018 m at the bottom of the domain in the center, representing the experimental sparger setup. As shown in Table 1 and Figure 1 (c), we modeled fourteen di erent cases according to the distance from the gas inlet center to the bottom center of the bubble column as well as the liquid properties. In the simulation, the air density was set to 1.29 kg/m 3 , water density 1000 kg/m 3 , viscosity 0.001787 Pa * s, and gas-liquid surface tension 0.072 N/m.
Calculation
Case. Among 14 di erent intermittent aeration calculation cases as shown in Table 1 , Cases 1-7 were for Newtonian liquids (pure water), and Cases 8-14 for non-Newtonian liquids (activated sludge). Cases 1, 2, and 7 had the same ow and ratio of aeration time to anaerobic time, while Cases 3, 4, 5, and 6 had di erent ratios of aeration time to anaerobic time. e aerating gas-phase velocity was 0.0024 m/s, and the gas velocity was 0 m/s in the anaerobic time. To describe the intermittent aeration more accurately, Case 1 was taken as an example. e gas-phase velocity was 0.0024 m/s and 0 m/s at 40 s-43 s and 43 s-46 s, respectively, a cycle was 6 s, and the ratio of aeration time to anaerobic time was 1 : 1. e velocity was changed over time by UDF. It was noted that this paper aimed to describe the dynamic behaviors in a bubble column in the aeration time and anaerobic time. Based on the calculated amount, the set aeration time and anaerobic time were short.
Calculation.
e nite volume method was used for the discretization of the equations in Section 1; the volume fractions were di erentiated by QUICK pattern; the time item was treated by a rst-order scheme; other items were treated via a 2-order upwind discretization scheme; the pressure and velocity were coupled via the Semi-Implicit Method for Pressure-Linked Equation (SIMPLE); the inlet was set to a single-gas phase. e velocity inlet boundary conditions were used, with super cial gas velocity of 0.0024 m/s; the outlet was set to a gas boundary condition [34, 35] , while other physical boundaries were set to solidwall boundary conditions. e residual error was set to 10
, with a time step length of 0.01 s; the maximum iteration number of 30. 1,000 steps were calculated at steady state rst, and then the calculation was performed under continuous gas supply at nonsteady state for 40 s. e data during the 40 s were used as initial eld. e intermittent aeration lasted from 40 s to 220 s. In this paper, FLUENT 15.0 was used to simulate the example.
Validation
Mesh Validation.
As for the physical model of Case 1 in Table 1 at four di erent grid numbers, we simulated the aeration of pure water (Newtonian uid) and obtained the simulation data about the global gas holdup in the bubble column. In Table 2 , the maximum iteration number and time step length at each step were discussed.
As shown in Table 1 , the time step length and maximum iteration number both a ected the simulation results. e di erences in gas holdup between simulation and experiment were proved to be quite similar with the mesh number of 10050. When the mesh number rose to 22725, the International Journal of Chemical Engineeringsimulation results were not improved compared with the experimental data. Some researchers also found this phenomenon, which might be related to the turbulent spectrum [35, 36] . However, the above validation was still unable to show the comparison between the gas holdup distribution and the experimental results. us, further validation about the gas holdup distribution was conducted in Section 4.2.
Flow Visualization: Experimental versus Simulated
Results. e simulations of gas holdup distribution with the above physical model and mathematical method are shown in Figure 1 , where the total mesh number was 10050. By comparing with experimental observations as shown in Figure 2 , we found the instantaneous type of simulated gas holdup distribution was S-shaped; the gas holdup near the inlet area was maximum value, while the gas holdup near the outlet area was very low. e simulated gas distribution area from the bottom to the top gradually was enlarged, and all the simulated phenomena on gas holdup distribution were consistent with the experimental observations.
To further validate the correctness of the simulation results, the global gas holdup and plume period time obtained from simulations were compared with the experimental results. Besides, we also used the EE to simulate the liquid-gas flow in the bubble column with uniform bubble size in order to validate the advantages of EEPBM. As shown in Table 3 , both the errors of gas holdup determined by EEPBM and by experiments were 0.3%, smaller than that by EE (2.6%). Moreover, the simulated bubble plume oscillation period showed that the EEPBM was superior to EulerEuler two-fluid model, where the error in bubble plume oscillation period was 1.8% and 3.2% compared with experimental data, respectively.
Although EEPBM model had small difference in simulation results from the EE model, the EEPBM model took the actually existing bubble coalescence and breakage in a bubble column into account. us, the EEPBM model was used for calculation in this paper.
Results and Discussion
Time-Averaged Liquid-Phase Flow Field and Velocity
Field. Figure 3 shows the time-averaged flow field of the liquid phase. A Newtonian fluid was used as the liquid phase in Figures 3(a)-3(g) . When the anaerobic time was below 9 s as shown in Figures 3(a)-3(e) , two approximately symmetric main vortexes existed in the bubble column, and their centers were located in the middle lower part of the bubble column. at complied with the time-averaged results from continuous aeration at low velocity given by Díaz et al. [22] .
at meant that at a short anaerobic time, the aeration mode did not significantly affect the flow field of Newtonian fluid. When the anaerobic time was above 9 s as shown in Figures 3(g) and 3(f ), the flow field had several asymmetric vortexes in the bubble column and a complicated structure possibly because (1) when the aeration stopped, the liquid phase velocity gradually reduced in the bubble column, (2) the anaerobic time was so short that the liquid phase velocity reduced very little, the flow field could be kept relatively stable, and the vortexes were approximately symmetric in the time-averaged flow field, and (3) on the contrary, when the anaerobic time was long, the velocity reduced very greatly, and the flow field in the bubble column changed complicatedly, resulting in several vortexes, vortexes distribution change, and a complicated structure of the timeaveraged flow field.
Figures 3(h)-3(n) shows the time-averaged flow field of the non-Newtonian fluid as the liquid phase and showed that the flow fields were the same at different ratios of aeration time to anaerobic time and at anaerobic time, i.e., symmetric at x � 0.1 m. e ratio of aeration time to anaerobic time and anaerobic time did not significantly affect the flow field of non-Newtonian fluid as the liquid phase in the bubble column possibly because after affected by rheological behavior of non-Newtonian fluid, the gas went up from the low dynamic viscosity zone of the liquid phase to form an upward path of gas from the bubble column bottom to top, while the liquid phase was driven by the gas phase, resulting in a symmetric swirl in the flow field. e dynamic viscosity of the liquid phase would be further described in Section 5. Figure 4 that the liquid phase was driven by the gas phase to flow up International Journal of Chemical Engineeringthrough the column top to the column walls at two sides and finally went back to the column bottom, and the vertical timeaveraged velocity of the liquid phase was big in the middle and small at two sides whether the liquid phase was Newtonian or non-Newtonian fluid. Figure 4 (a) shows that at the same ratio of aeration time to anaerobic time, Cases 1, 2, and 7 had the same vertical velocity peak value of the liquid phase; however, when the anaerobic time increased, the time-averaged velocity of the liquid phase was much bigger at the left wall than the right wall, and the center where the peak occurred significantly moved to the right because of the impact of flow field structure change. Figure 4 (b) shows that when anaerobic time was short at different ratios of aeration time to anaerobic time, the vertical time-averaged velocity of the liquid phase had the approximately symmetric distribution, as shown in Cases 3-5; when the anaerobic time increased, the velocity was much bigger at the right wall than the left wall, as shown in Case 6; with decreasing ratio of aeration time to anaerobic time, the velocity peak value gradually reduced because the amount of aeration reduced. International Journal of Chemical Engineering velocity peak values at the same ratio of aeration time to anaerobic time in Cases 8, 9, and 14 in Figure 4 (c) that the shorter the anaerobic time was, the higher the velocity peak value was maybe because when the aeration stopped for a short time, the vertical velocity of the liquid phase decreased very little, and a high vertical velocity could be reached during reaeration. Different from Newtonian fluid, the time-averaged velocity of non-Newtonian fluid had the V-shaped distribution near the walls at two sides of the bubble column maybe because of high dynamic viscosity near the walls (Section 5.4). Figure 5 shows the time-averaged gas holdup distribution. For Newtonian fluid, the gas holdup had the approximately columnar distribution when the anaerobic time was short as shown in 5(m) shows the gas-phase distribution at different ratios of aeration time to anaerobic time. With decreasing ratio of aeration time to anaerobic time, the gas-phase distribution area gradually decreased, and the high gas-phase volume fraction area decreased, too. In addition, for non-Newtonian fluid as the liquid phase, the gas-phase volume fraction area had V-shaped distribution in the middle of and in the upper center of the bubble column, while the gas-phase volume fraction at the midzone was low maybe because of high dynamic viscosity of the liquid phase in the middle of the bubble column (Section 5.4).
Time-Averaged Gas Holdup Distribution.
In summary, the gas holdup distribution was affected by the property of the liquid phase in the bubble column in the same aeration mode. For Newtonian fluid, the gas-phase distribution was approximately columnar. Different from Newtonian fluid, non-Newtonian fluid had the trapezoidal distribution, and the low gas-phase distribution area was very big at the bubble column top.
Global Gas Holdup and Bubble Diameter.
To further analyze the effect of the aeration time and anaerobic time on the gas holdup, the time-averaged global gas holdup in the bubble column was determined. For Newtonian fluid, the gas holdup in a bubble column gradually decreased to a plateau with increasing anaerobic time at the same ratio of aeration time to anaerobic time, as shown in Cases 1, 2, and 7 in Figure 6 . e average gas holdup was 0.00344 at the maximum anaerobic time of 10 s maybe because at the ratio of aeration time to anaerobic time, the shorter anaerobic time, the stronger turbulence energy, the higher gas-liquid mixing intensity, the higher gas holdup. With decreasing ratio of aeration time to anaerobic time, the average gas holdup gradually decreased mainly because the quantity of aeration was reduced. Non-Newtonian fluid had the same gas holdup change as Newtonian fluid. Furthermore, Newtonian fluid had much higher gas holdup than nonNewtonian fluid under the same conditions. is complied with the research results from Durán et al. [37] because of the higher gas velocity in non-Newtonian fluid than Newtonian fluid.
As a main parameter of the bubble column, the bubble diameter was very important to predict the gas-liquid mass transfer in the bubble column. It could be found from Figure 7 that the volume-average bubble diameter was between 0.0054 and 0.0062 m. It was found during comparison of Cases 3-6 at different anaerobic times that for Newtonian liquid, the volume-average bubble diameter gradually reduced because the quantity of aeration reduced. For nonNewtonian liquid, the bubble diameter had no significant difference, and the aeration mode did not significantly influence the volume-average bubble diameter. Moreover, the property of the liquid phase significantly influenced the volume-average bubble diameter, and non-Newtonian liquid had much smaller bubble diameter than Newtonian liquid under the same aeration condition.
Instantaneous Dynamic Viscosity of Liquid Phase.
e bigger dynamic viscosity the fluid had, the weaker flowability the fluid had. e study on the dynamic viscosity distribution in different aeration modes helped further disclose the reason of velocity and gas holdup distribution. Figure 8 showed the dynamic viscosity distribution of the non-Newtonian liquid phase in the bubble column at the aeration time of 162 s and gave the exponential distribution of dynamic viscosity from less than 0.05 to more than 1.0 kg/(m·s); dynamic viscosity peak values were different in different aeration modes; however, the dynamic viscosity peak values were distributed at the bottom of the bubble column and were insignificant to the overall flow in the bubble column and therefore were not discussed herein. e liquid phases had no significant difference in dynamic viscosity distribution in the bubble column. e high dynamic viscosity zone was at two sides of the bubble column bottom, while the low dynamic viscosity zone had the V-shaped distribution and was located at the middle and bottom; the high dynamic viscosity zone close to the wall in the middle of the bubble column had the column barshaped distribution. is meant that the liquid phase had weak flowability and caused V-shaped vertical velocity distribution of the liquid phase near the wall in Figures 4(c) and 4(d) . In addition, it was found during comparison of Figures 5(h)-5(n) and Figures 8(a)-8(g ) that low dynamic viscosity zone in the bubble column had the V-shaped distribution; this zone also corresponded to the gas holdup distribution area. is meant that the gas phase always owed up at the small dynamic viscosity peak value zone. Figure 9 showed the instantaneous liquid-phase ow eld in the cycle from 160 to 166 s in Case 8. It could be seen from Figure 9 that two main eddies existed in the bubble column and two small symmetric vortexes formed in the middle of the bottom of the bubble column at 160.2 s because the reinjected gas phase sheared the liquid phase at the bottom. From 161.2 s to 162.2 s, the gas phase endlessly owed up to the top of the bubble column and over owed from the bubble column, so the vortexes at the bottom disappeared and symmetric vortexes formed at both sides of the bubble column. When the gas phase injection stopped, two small eddies formed at both sides of the bubble column bottom at 163.2, 164.2, and 165.2 s maybe because of the shear action of the liquid phase at both sides of the bubble column, where main vortexes were endlessly compressed due to the big dynamic viscosity of the liquid phase when the liquid phase owed from the bottom to the middle of the bubble column. Figure 10 showed the vertical velocity of the liquid phase in four di erent calculation cases at the monitoring points in the bubble column, i.e., vertical and horizontal velocity of the liquid phase of Cases 5, 7, 12, and 14 from 100 s to 220 s. It could be found that for Newtonian uid, the horizontal velocity in Cases 5 and 7 changed periodically to some di erent extent, meaning that bubble plume oscillation during continuous aeration also existed during intermittent aeration. For non-Newtonian uid, the horizontal velocity of the liquid phase in Cases 12 and 14 was constant, meaning that the bubble plume oscillation never happened, which complied with bubble up ow without oscillation in non-Newtonian (Xanthan solution) observed by Böhm et al. [38] . In addition, the vertical velocity of liquid phases changed periodically in spite of di erent properties of the liquid phases during intermittent aeration. When aeration began, the vertical velocity of the liquid phases rapidly increased; when the aeration stopped, the axial velocity of the liquid phases rapidly decreased and gradually tended towards 0 m/s. is cycle had the same time as the intermittent aeration cycle.
Instantaneous Liquid-Phase Velocity and Flow Field.
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Instantaneous Gas Holdup Distribution.
To further study the instantaneous gas holdup distribution for non-Newtonian uid, Figure 11 shows the gas holdup distribution at the show the gas holdup distribution in the aeration cycle. e gas phase was injected at 160.2 s and elliptically distributed at the bubble column bottom. From 2 s to 162.2 s, some of the gas phase over owed from the top of the bubble column, and the gas-phase distribution was trapezoidal with long upper side and short lower side. e gas phase was stopped at 163 s. No gas holdup distribution at the bottom of the bubble column was observed at 163.2 s, and the same gas holdup distribution in the middle of and in the upper part of the bubble column was observed at 162.2 s. After 1 s, the gas phase completely over owed from the bubble column. No bubble plume oscillation of the gas phase was observed at any time.
Conclusions
(1) e intermittent aeration mode of Newtonian uid a ected the time-averaged gas-phase distribution, liquid-phase ow eld, and vertical velocity of liquid phase. With increasing anaerobic time, the ow eld structure became complicated and the number of vortexes and distribution changed. When the anaerobic time was below 9 s, the vertical velocity distributions of the gas phase and liquid phase were approximately symmetric, and the gas holdup distribution was columnar. e gas holdup slightly decreased with increasing anaerobic time at the same ratio of aeration time to anaerobic time; and the gas holdup decreased with decreasing ratio of aeration time to anaerobic time. (2) In the intermittent aeration mode, non-Newtonian liquid phase had signi cant di erence in gas holdup distribution, vertical velocity, and ow eld from Newtonian liquid phase. e gas-phase distribution was trapezoidal with long upper side and short lower side; liquid phase had much higher vertical velocity peak value than Newtonian uid in the intermittent aeration mode; the ow eld had a simpler structure and did not change with intermittent mode, and symmetric vortexes existed at both sides of the bubble column. In the same intermittent aeration mode, non-Newtonian liquid had the same gas holdup change as Newtonian liquid, but nonNewtonian liquid phase had much lower gas holdup than Newtonian liquid phase. For Newtonian liquid phase and non-Newtonian liquid phase, the gas holdup distribution was related to the dynamic viscosity of the liquid phase. (3) Affected by the intermittent aeration mode, the vertical velocity of Newtonian and non-Newtonian liquid phase changed periodically; however, different from Newtonian liquid phase, non-Newtonian liquid phase had a constant horizontal velocity. For nonNewtonian liquid phase, no bubble plume oscillation appeared in the intermittent aeration mode, and the gas holdup distribution dynamically changed with aeration time. For non-Newtonian liquid phase, the flow field distribution was symmetric in a complete aeration stop cycle; at the beginning of aeration, two small eddies and two main vortexes at the bottom of the bubble column changed to two small eddies and two main vortexes at both sides of the bottom of the bubble column, respectively.
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